The essential oils of four chemotypes of Thymus vulgaris L. (Lamiaceae) were analyzed for their composition and antibacterial activity to assess their different properties. GC-MS and GC-FID analyses revealed that the essentials oils can be classified into the chemotypes thymol (41.0% thymol), geraniol (26.4% geraniol), linalool (72.5% linalool) and 4-thujanol/terpinen-4-ol (42.2% cis-and 7.3% trans-sabinene hydrate, 6.5 % terpinen-4-ol). The olfactory examination confirmed the explicit differences between these chemotypes. Furthermore, antibacterial activity was investigated against several strains of two Gram-positive (Brochothrix thermosphacta and Staphylococcus aureus) and four Gram-negative food-borne bacteria (Escherichia coli, Salmonella abony, Pseudomonas aeruginosa and P. fragi). All essential oil samples were demonstrated to be highly effective against Gram-positive strains, whereas the impact on Gramnegative microorganisms was significantly smaller, but still considerable. The results obtained indicate that, despite their different properties, the essential oils of selected T. vulgaris chemotypes are potent antimicrobials to be employed as useful additives in food products as well as for therapeutic applications.
Thymus L. (Lamiaceae) is a well-defined genus with approx. 215 species growing from the Mediterranean area to northern Europe, as well as in other regions of the world such as east Asia, Australia and South America [1] . Within this genus, T. vulgaris L., a subshrub native to the western Mediterranean areas, is well-known due to its usage as a culinary herb and component of liqueurs. Approved therapeutic uses of the dried herb as well as its pharmaceutical preparations include against catarrhs of the upper respiratory tract and alleviating symptoms of bronchitis and pertussis [2] , particularly due to its proven bronchospasmolytic [3a] and secretomotoric [3b] properties.
The essential oil of thyme is produced by hydrodistillation of the flowering tops of T. vulgaris L., yielding up to 2.5% [2] essential oil, which is known for its antibacterial properties [3c] . A large number of studies provide evidence for a wide range of other activities of the essential oil of thyme such as anti-inflammatory [4a] , antifungal [4b], antiviral [5a] , cytotoxic [5b], and antioxidant [6] .
As with various other Lamiaceae species, T. vulgaris exists in a variety of chemotypes (ct) [7] , i.e. distinct populations within a species representing a defined chemical phenotype while not exhibiting any morphological differences. Generally, chemotypes are defined by a single constituent or a small number of biosynthetically related compounds [8a] ; the preference of a certain biochemical synthesis pathway may be due to minor genetic or epigenetic differences, or as Franz concluded: "with alternative variability, it can be assumed that only one or a few genes are responsible for the character"[8b].
The six important chemotypes of T. vulgaris, native to the areas of southern France are in descending order of their importance ct thymol, ct carvacrol, ct linalool, ct thujanol-4/terpinen-4-ol, ct geraniol and ct α-terpineol [8c ,9] . Moreover, ct borneol and ct pcymene were reported [8a] . In continuation of our project in the field of combined data interpretation of composition analysis and antimicrobial activity testing, the present study investigated the essential oils of T. vulgaris ct thymol, ct linalool, ct geraniol and ct 4-thujanol/terpinen-4-ol from the Diois area (department Drôme, France). Whereas previous studies either focused on reporting the composition [10, 11] of the essential oils of various chemotypes of thyme, or proved the antibacterial activity of thyme essential oil disregarding the chemotype tested [12] or even lacking GC analysis of the investigated sample [5b], the intended purpose of our current investigation is the correlation of the composition of selected essential oil samples of various T. vulgaris with their antimicrobial effects against psychrotrophic food-borne microorganisms contributing to meat spoilage.
In Table 1 the qualitative and quantitative composition of the essential oil of four chemotypes of T. vulgaris is presented, as detected by means of GC-FID and GC-MS using an apolar column. Data resulting from GC analyses with a polar column were used as controls (data not published). In the essential oil of ct geraniol 43 constituents could be identified (total of 93.2%) with the main compounds being geraniol (26.0%), geranyl acetate (21.8%), linalool (17.6%), (E)--caryophyllene (7.0%), and cis-sabinene hydrate (4.6%). In the essential oil of ct thujanol-4/terpinen-4-ol 37 compounds (total of 99.0%) were recorded with the main compounds being cis-sabinene hydrate (32.7%), p-mentha-1 (7) ,8(10)-dien-9-ol (9.7%), myrcene (6.4%), terpinen-4-ol (6.5%), trans-sabinene hydrate (5.5%) and pinocarvyl acetate (4.3%). In the essential oil of ct thymol 35 compounds (total of 95.9%) were detected with the main compounds being thymol (38.8%), p-cymene (24.0%), (E)-β-ocimene (9.5%), and (E)-βcaryophyllene (5.3%). In the essential oil of ct linalool 35 compounds (total of 96.6%) were recorded with the main compounds being linalool (68.5%), myrcene (5.5%), and linalyl acetate (5.2%). Out of 62 definitely identified constituents, 22 are present in all four chemotypes. Remarkably, those constituents could all be evidenced in the essential oil of ct geraniol, whereas the essential oils of ct 4-thujanol/terpinen-4-ol and ct linalool were lacking geraniol, and in all samples except for ct geraniol geranyl acetate was missing.
The characteristic odor of the samples can be attributed to geraniol and geranyl acetate, linalool, and thymol, but not specifically to cisand trans-sabinene hydrate. Odor descriptions are in accordance with published data [13] and databases (PMP 2001). The complete odor evaluation during the scent progression is presented in Table 2 . The results of the antimicrobial testing of the essential oils of four chemotypes of T. vulgaris essential oil against food-borne microbes are given in Table 3 . The essential oil of ct thymol was the most effective one concerning overall antibacterial activity, closely followed by the essential oil of ct linalool. In fact, the results for these two chemotype samples were almost identical except for the essential oil of ct thymol, which was more effective against the tested S. abony strains (MIC = 0.05) than the ct linalool sample (MIC = 0.1). Both chemotypes proved to be highly active against the tested Gram-positive bacteria and E. coli strains (MIC and MBC ≤ 0.05), but exerted mediocre effects on the Pseudomonas strains (MIC and MBC = 0.4). The strong impact of the essential oil of ct thymol on bacterial growth can be attributed to its main compound thymol [14a] as well as carvacrol, as various studies have demonstrated the strong antimicrobial activity of phenolic substances and essential oils rich in these compounds. Evidently, the phenolic structure of thymol and carvacrol is crucial for their antimicrobial properties [14b]. Then again, as the antibacterial activity of ct linalool essential oil was comparably high despite considerably lower contents of phenolic constituents (thymol 2.16%, carvacrol 0.1%), it can be concluded that the interaction of the main compound linalool, which is a good antimicrobial itself, [14c] with the other constituents of ct linalool essential oil accounts for the excellent antibacterial activity. This assumption is strongly supported by a study of Iten et al. [15] , who proved additive antimicrobial effects for the major compounds of an essential oil of thyme.
While the antimicrobial activity of the essential oils of ct 4-thujanol/terpinen-4-ol and ct geraniol against the Gram-negative strains of Pseudomonas sp. and S. abony was comparable with the Essential oils of four chemotypes of Thymus vulgaris Natural Product Communications Vol. 7 (8) 2012 1097 ct linalool sample, they affected the growth of the E. coli (MIC = 0.1) and Gram-positive (MIC = 0.05) test strains to a lesser extent than the essential oils of ct thymol and ct linalool. Moreover, in contrast to the results of the other samples, the bactericidal concentration of the ct geraniol sample was consistently higher than the bacteriostatic one. Once more, the lower activities may allude to the hardly traceable amount of phenolic constituents in the samples of ct geraniol and ct 4-thujanol/terpinen-4-ol, but as their antimicrobial activity is sufficiently strong, other constituents may contribute as active compounds, for instance cis-and trans-sabinene hydrate in ct 4-thujanol/terpinen-4-ol or linalool and geraniol [16] in ct geraniol.
Generally, Gram-positive bacteria proved to be more sensitive to the essential oils than the Gram-negative bacteria. These findings strongly correspond with results of previous studies [17] . Moreover, all samples, regardless of the chemotype, affected Pseudomonas strains significantly less than other test organisms, even Gramnegative bacteria, for instance Salmonella sp. and E. coli strains. However, once again, the mediocre sensitivity of Pseudomonas species goes along with previous findings [18] .
In conclusion, all essential oils of T. vulgaris chemotypes proved to be highly effective against various Gram-positive and Gramnegative microorganisms contributing to food spoilage such as S. aureus, E. coli and S. abony strains, although the antimicrobial activity against the tested Pseudomonas strains was significantly lower. In accordance with previous findings [19a] , the essential oil yielding the highest content of phenolic compounds, such as thymol and carvacrol, were demonstrated to be the most effective, followed by the essential oil of ct linalool; the essential oils of ct geraniol and ct 4-thujanol/terpinen-4-ol were less effective compared with ct thymol.
As the risks and side effects of a commonly used herb such as thyme are rather low when used in an appropriate dosage regarding official regulations, the fields of application of the essential oils of the various chemotypes of T. vulgaris are wide, including the topical treatment of infections [19b] , as a natural flavoring and antimicrobial in meat [20] and other food products [21] , and as an ingredient in cosmetic and perfumery products.
Experimental
Investigated samples: The essential oils were purchased from Apt Aromatique (St. Saturnin d'Apt, France). The plant material was obtained from certified organic cultivation in the Diois area (Department Drôme, South France), controlled by the "Chambre d'Agriculture de la Drome" and hydrodistilled in V4A steel vessels.
Olfactory evaluation:
For olfactory evaluation, one droplet of each essential oil sample was applied onto commercially available paper blotters. Each sample was examined by a panel consisting of a professional perfumer and two aroma-chemists over 90 mins to control odor progression. Odor descriptions were compared with published data [13] and databases (PMP 2001, Boelens Aroma Chemical Information Service, Netherlands) as well as our own database of reference aroma compounds.
GC-MS analysis:
The experimental conditions for GC-FID and GC-MS analyses were quite similar to those reported earlier [22] . Compounds were identified using Finnigan XCalibur 1. [24] .
The serial broth dilution method was carried out in accordance with NCCLS recommendations [25] ; each experiment was conducted in duplicate. Stock solutions prepared by dispersing the respective essential oil sample in DMSO (Sigma-Aldrich Co.) were added to culture broth to obtain dilutions with sample concentrations between 3.28% (v/v) and 0.01% (v/v). Subsequently, serial dilutions were inoculated with 100 μL of bacterial inoculum each and incubated at 37°C for 24 h. Following incubation the absorbance was read at 680 nm (CAMSPEC, UK). Controls consisting of inoculated broth without oil and without DMSO, as well as with DMSO were incubated under identical conditions. To determine the extent of overall growth reduction, the mean absorbance of the duplicate samples was compared with the mean absorbance of the controls containing DMSO. The DMSO concentration in the broth dilution assay was low to keep the effect on bacterial growth to a minimum. Minimal Inhibitory Concentration (MIC) was defined as the lowest concentration which resulted in a reduction of > 90% compared with the observed absorbance at 680 nm. To determine Minimal Bactericidal Concentration (MBC), 100 μL of each dilution with no evident growth was spread on Mueller-Hinton agar (MHA). The inoculated Petri dishes as well as controls were incubated at 37°C for 24 h. The colony forming units were counted and compared with control dishes. MBC was defined as the lowest concentration that killed > 99.9% of the initial inoculum.
